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Abstract

During airborne in situ measurements of particle size distributions in a forest fire plume
originating in Northern Canada, an accumulation mode number mean diameter of
0.34 µm was observed over Lindenberg, Germany on 9 August 1998. Realizing that
this is possibly the largest value observed for this property in a forest fire plume, sce-5

narios of plume ageing by coagulation are considered to explain the observed size
distribution, concluding that the plume dilution was inhibited in parts of the plume. The
uncertainties in coagulation rate and transition from external to internal mixture of ab-
sorbing forest fire and non-absorbing background particles cause uncertainties in the
plume’s solar instantaneous radiative forcing of 20–40% and of a factor of 5–6, respec-10

tively. Including information compiled from other studies on this plume, it is concluded
that the plume’s characteristics are qualitatively consistent with a radiative-convective
mixed layer.

1. Introduction

Despite considerable research effort, atmospheric aerosol remains one of the impor-15

tant but less understood climate forcing agents (IPCC, 2001). One source of uncer-
tainty are the amount and efficiency of light absorbing aerosol components (Andreae,
2001). One half of the yearly emitted particulate black carbon, the predominant light
absorbing component in aerosol particles, is emitted by anthropogenic and natural
biomass-burning. The remaining part is emitted by fossil fuel combustion. Of the differ-20

ent biomass-burning sources, fires in temperate and boreal forests contribute 26–41%
of the emitted black carbon mass (Penner et al., 1998).

The magnitude of the solar radiative forcing of aerosol particles containing an ab-
sorbing component depends on the concentration of that component (Haywood and
Shine, 1995) and on the aerosol particles’ number size distribution (Chylek and Wong,25

1995). Current global circulation models often use fixed microphysical properties of
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the absorbing aerosol, varying only its mass loading (Penner et al., 1998; Myhre et al.,
1998; Schult et al., 1997). It has been pointed out that even the sign of the radiative
forcing of absorbing aerosol particles can change with the state of mixture of the ab-
sorbing component (Myhre et al., 1998). The mixture can be external with the absorb-
ing component present as particles distinct from non-absorbing particles, or internal5

with the absorbing component contained within the non-absorbing material. If the ab-
sorbing material is internally mixed, its absorption efficiency is higher compared to the
externally mixed case, resulting in a more positive solar radiative forcing (Wendisch
et al., 2001). When emitted, absorbing particles are usually externally mixed with non-
absorbing background particles. The state of mixture shifts when absorbing aerosol10

particles coagulate with non-absorbing background particles during ageing. It has been
argued that for black carbon, the resulting radiative forcing is, on global average, com-
parable in magnitude and sign with the radiative forcing of methane (Jacobson, 2001).
However, the range of solar radiative forcings calculated for absorbing aerosol compo-
nents assuming different particle size distributions, ageing processes and thus mixture15

states leaves even the sign uncertain (IPCC, 2001).
In this article, the effect of the temporal evolution of particle size distribution, state of

mixture and their uncertainties on the solar radiative forcing of forest fire aerosol is con-
sidered. The influence of plume dilution receives special attention. The studied case,
a plume of aerosol emitted by forest fires in Northern Canada in 1998, has been the20

subject of several previous works (Hsu et al., 1999; Fromm et al., 2000; Forster et al.,
2001; Fiebig et al., 2002; Formenti et al., 2002a) whose results are summarised. The
particle size distribution in the plume as measured over Lindenberg, Germany, dur-
ing the Lindenberg Aerosol Characterisation Experiment (LACE 98) (Ansmann et al.,
2002) on 9 August 1998 is classified by briefly reviewing other measurements in such25

plumes, emphasizing the temporal evolution of the particle size distribution. The pos-
sibilities of several scenarios of ageing by coagulation leading to the observed mixing
state and size distribution of this forest fire aerosol are investigated. Based on this case
study and the results of previous studies, the uncertainty of the solar radiative forcing
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of the forest fire aerosol during ageing due to uncertainties in size distribution and state
of mixture is quantified. Finally, a possible explanation for the observed properties of
the plume is given by comparison with a radiative-convective mixed layer (Lilly, 1988).

2. Background

2.1. The LACE 98 forest fire aerosol case5

The aerosol plume investigated here was observed over Lindenberg, 80 km south-
east of Berlin, Germany, during the Lindenberg Aerosol Characterisation Experiment
(LACE 98) (Ansmann et al., 2002) on 9 and 10 August, 1998. Lidar backscatter profiles
(Forster et al., 2001; Fiebig et al., 2002; Wandinger et al., 2002) show this aerosol layer
to consist of two sub-layers from 3.8–4.3 km and 4.7–5.2 km above sea level (ASL) on 910

August, 1998. Backward trajectory calculations (Wandinger et al., 2002; Forster et al.,
2001) as well as aerosol index data obtained by the Total Ozone Mapping Spectrom-
eter (TOMS) on the Earth Probe satellite (Fiebig et al., 2002; Hsu et al., 1999) as well
as model tracer studies (Forster et al., 2001) relate the aerosol layer to forest fires in
northern Canada near Great Bear Lake, Northwest Territories. All sources indicate15

an age of the forest fire aerosol of 6–7 days at the time of arrival above Lindenberg.
The same plume was also sampled on 14 August, 1998 over Greece during the Sci-
entific Training and Access to Aircraft for Atmospheric Research Throughout Europe
(STAARTE-MED) experiment (Formenti et al., 2002a).

At Lindenberg, the two sub-layers were sampled in-situ by instruments on-board two20

research aircraft, the Deutsches Zentrum für Luft- und Raumfahrt (DLR) Falcon, a re-
modeled business jet, and the Partenavia, a twin-prop engine aircraft, operated by
the Leibniz-Institut für Troposphärenforschung (IfT), Leipzig, Germany (Petzold et al.,
2002; Wendisch et al., 2002). On-board the Falcon, in-situ measurements of the par-
ticle number density and size distribution of both sub-layers were conducted with two25

Condensation Particle Counters (type TSI 3760A), which received their sample through
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an inlet mounted in the fuselage roof, and two wing-mounted optical particle counters
(OPCs): a Passive Cavity Aerosol Spectrometer Probe (PCASP-100X) and a Forward
Scattering Spectrometer Probe (FSSP-300, both manufactured by Particle Measuring
Systems, Inc., Boulder, CO, USA). OPCs infer the diameter of single aerosol parti-
cles from the intensity of light scattered by the particle into a fixed solid angle while it5

crosses a laser beam. Besides the dependence on particle diameter D, the intensity
of the scattered light depends also on the complex particle refractive index m and, to
a lower degree, on the particle shape. Both factors were taken into account in the
data analysis (Fiebig et al., 2002). The PCASP-100X dries the particles to a relative
humidity (RH) of ≈20% during sampling whereas the FSSP-300 measures in-situ. The10

difference in sampling conditions between the two OPCs is insignificant in the present
case because RH values below 20% were detected in both sub-layers.

Figure 1 shows the particle number size distributions measured in the two sub-layers
on 9 August 1998 including the uncertainties due to varying m (horizontal bars) and
counting statistics (vertical bars). The particle size distributions consist of the Aitken,15

accumulation, and coarse modi, with the accumulation mode clearly dominating. It
contributes more than 90% to the layer’s extinction coefficient at λ = 550 nm. A signif-
icant difference in D of the maximum particle concentration of the accumulation mode
is obvious between the upper and lower sub-layer. A three-modal logarithmic normal
distribution was fitted to the two particle size distributions using a procedure described20

in Fiebig et al. (2002). The resulting parameterised functions are characterised by
the integral particle number concentration N, the median particle diameter D, and the
geometric standard deviation σg for each mode.

These parameters are given in Table 1 for all three modi of both sub-layers as mea-
sured on 9 August 1998. The difference of the accumulation modes between the two25

sub-layers is visible in Fig. 1 and is reflected in a significant difference in the respective
number median particle diameters D.

Besides the particle size distribution, the measurements on both aircraft also in-
cluded the particle absorption coefficient, measured with a particle soot absorption
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photometer (PSAP, Radiance Research, Seattle, USA), and the particle scattering co-
efficient, measured with a nephelometer (also Radiance Research) to correct the PSAP
measurement for its cross-dependence to particle scattering (Bond et al., 1999). As
the PSAP requires an averaging time >30 s and the DLR Falcon, due to its high true air
speed, could not stay inside the filamentary structured layers long enough, the values5

measured on-board the slower flying Partenavia were used in the analysis. Also, no
absorption coefficients are available for the upper sub-layer as the Partenavia has a
ceiling of ≈4 km. A peak value of 2.0±0.8 m−1 was measured in the lower sub-layer on
9 August 1998.

In Fiebig et al. (2002), the particle size distribution measured in the lower sub-layer10

during the night from 9 to 10 August 1998 was used to calculate the layer’s spectral
lidar backscatter coefficient using Mie-theory. Based on a filter sample obtained in the
layer on-board the Falcon and analyzed by the Technical University Darmstadt, Ger-
many, ammonium sulphate and soot were assumed as components of the particles in
the lower sub-layer. The spectral refractive index of ammonium sulphate (taken from15

Toon et al., 1976) represents well the non-absorbing components found in the sample
and soot (refractive index taken from Ackerman and Toon, 1981), apart from a small
fraction of iron oxides, accounted for the largest part of the absorbing component in the
particles. The calculation was done assuming an internal mixture of the two compo-
nents or assuming an external mixture. The state of mixture refers here to the optical20

aerosol properties and includes the possibility that the absorbing particles are internally
mixed with respect to their chemical composition. Each time, the soot fraction was cho-
sen such that the calculated absorption coefficient matched the PSAP measurement.
The calculated backscatter coefficient was compared with the one measured by the
ground-based multi-wavelength lidar of the IfT which was operated in Lindenberg.25

The result, quoted in Fig. 2, clearly indicates that the absorbing and non-absorbing
components of the lower sub-layer were externally mixed. A similar analysis for the
upper sub-layer was not possible as there was no measurement for the absorption
coefficient available. This result can also be applied to the aerosols measured during
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the day of 9 August 1998, which are described in Table 1 and Fig. 1, because the
morphology of the forest fire aerosol layer as a whole varied little between the two
measurements.

2.2. Other in-situ measurements of particle size distributions within forest fire plumes

In order to classify the results obtained for the LACE 98 forest fire aerosol, a look at5

the extensive set of measurements of particle microphysical properties in forest fire
plumes is useful. The focus will be put on the particle size distribution as a function of
aerosol age.

The Biomass Burning Airborne and Spaceborne Experiment in the Amazonas (BASE-
A, Kaufman et al., 1992) reported particle effective radii and optical depth measured by10

ground-based and airborne sun photometers in Brazilian grassland and deforestation
fires, while the follow-up experiment BASE-B (Ward et al., 1992) one year later only
stated the particulate mass of particles with D < 2.5µm (PM2.5) at the ground. The
Southern Tropical Atlantic Region Experiment (STARE, Andreae et al., 1996), encom-
passing the Transport and Atmospheric Chemistry near the Equator - Atlantic (TRACE15

A, Fishman et al., 1996) experiment which conducted measurements in plumes from
biomass-burning over Brazil, the Southern Atlantic, and Southern Africa, and the South-
ern African Fire – Atmosphere Research Initiative (SAFARI-92, Lindesay et al., 1996),
focussing on the Southern African source regions, reported detailed size distribu-
tions of the particles in plumes measured using airborne in-situ instruments while the20

project was focused on ozone producing gas phase chemistry. The Smoke, Clouds,
and Radiation – California (SCAR-C, Kaufman et al., 1996) project and the Boreal
Ecosystem-Atmosphere Study (BOREAS, Sellers et al., 1997) are of the few experi-
ments to provide information on aerosol produced by forest fires in temperate regions
of the globe. SCAR-C yielded microphysical particle properties from airborne mea-25

surements in plumes of prescribed fires on areas which had previously been cleared by
logging while BOREAS reported particles size distributions in plumes of natural forest
fires inverted from sun photometry. The probably most detailed study focussing specif-
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ically on microphysical particle properties, precursor gases, and their variation during
plume ageing in tropical forest and biomass fires, including airborne in-situ measure-
ments, was the Smoke, Clouds and Radiation-Brazil (SCAR-B, Kaufman et al., 1998)
experiment which was conducted in 1995 in four main locations in Brazil.

In reviewing the results of the mentioned projects, those which conducted airborne5

in situ measurements using OPCs or a differential mobility particle sizer (DMPS) are
of special interest. Sun photometry yields size distributions which represent the verti-
cal column and thus air masses with quite different compositions and histories. Also,
particle size distributions inverted from sun photometer data are normally limited to
D >0.2µm which is not sufficient to fully resolve the accumulation mode size range.10

All mentioned experiments found this size range to dominate both the number size
distribution and the optical properties of forest fire aerosols. Table 2 summarizes the
parameters of log-normal distributions fitted to the measured accumulation mode num-
ber size distributions as reported by the SAFARI, TRACE-A, SCAR-C, SCAR-B, and
STAAARTE-MED experiments as a function of fuel type and age of the aerosol plume15

as far as stated in the references.
The SAFARI campaign found the accumulation mode particle number mean diam-

eter Dacc to increase with increasing plume age and to decrease towards the end of
the burning season where the particle concentrations decreased. While this correla-
tion could not be reproduced during the TRACE-A project due to a large variability of20

the size distribution properties close to the source, the variability as well as the ac-
cumulation mode geometric standard deviation σg, acc decreased with plume age. As
described in Anderson et al. (1996), two air-masses were layered on top of each other
in the tropospheric column sampled over the Mid-South Atlantic during TRACE-A, the
lower one (≈2–6 km) being connected with Southern African sources and the upper25

one (>6 km) with South American sources. Although two sets of particle size distribu-
tions with different values for Dacc can be distinct in the corresponding data, it is not
stated in the reference if these can be connected with the different air masses.

The correlation of increasing Dacc, decreasing σg, acc and decreasing variability in
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these parameters with increasing plume age could be confirmed during the SCAR-C
and SCAR-B experiments. Different from the previous studies, a detailed determina-
tion of the plume age was included in the data analysis during these projects. During
SCAR-B, little variation of Dacc was found close to the forest or biomass fire source,
but considerable variation in Nacc, the accumulation mode integral particle number5

concentration, and σg, acc. Particle samples on filters analyzed by transmission (TEM)
and scanning electron microscopy (SEM) (Reid and Hobbs, 1998) showed that most
particles were chemically internal mixtures of black carbon with a shell of organic com-
pounds. A scale analysis of gas-to-particle conversion and coagulation during plume
ageing yielded that condensational growth is the dominating ageing process up to 1-10

2 days after emission. After the concentration of condensable gases has decreased
enough and the aerosol has transformed into a so called regional haze, coagulation
dominates the ageing process in the forest fire plumes measured during SCAR-B (Reid
et al., 1998). Mean values for Dacc and σg, acc showed little variation at this point with
respect to plume origin with values centered around 0.19µm and 1.65, respectively.15

The measurements of Formenti et al. (2002a) during STAAARTE-MED over Greece
yielded values of 0.20µm for Dacc and 1.43 for σg, acc in the same plume that was
observed during LACE 98 five days before. These value are not significantly different
from the respective data obtained in the upper sublayer over Lindenberg (see Table 1).
However, the plume parts sampled during STAAARTE-MED and LACE 98 are likely to20

have seen different transport paths and resulting rates of turbulent dilution. Formenti
et al. (2002b) point out that the plume part over Greece could have been influenced by
local biomass-burning or continental anthropogenic sources.

When comparing the properties of the LACE 98 plume with those summarized in
Table 2, it is obvious that the LACE 98 forest fire aerosol is among those with the longest25

atmospheric residence times encountered. Also, as far as reported in the literature
quoted in Table 2, the forest fire aerosol encountered in the lower sub-layer on 9 August
1998 during LACE 98 is likely to exhibit the largest accumulation mode number median
diameter ever measured.
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3. Ageing processes of forest fire aerosol

The LACE 98 forest fire aerosol layer had rather special microphysical properties – long
atmospheric residence time of approximately 7 days, large number mean diameter
of the accumulation mode Dacc, external mixture of particles with respect to optical
properties. In the following, it is discussed how such an aerosol can be produced,5

especially concerning the value of Dacc in the lower sub-layer.
The observed properties could be the result of processes at the source of the forest

fire plume. However, seeing the extensive set of measurements underlying the values
in Table 2 and given the fact that such an aerosol has not been observed so far in any
source region of forest fire aerosol, this option is unlikely.10

In order to reproduce the measurements of Dacc, the theory on the particle ageing
processes in Reid et al. (1998) is applied. There, it is shown that condensational growth
of particles dominates aerosol ageing up to 1–2 days after plume emission, whereas
coagulation is the dominating ageing process thereafter. This behaviour is compre-
hensible as the supply of condensable species and precursor gases emitted into the15

plume is limited once the plume has left the vicinity of the source. The rate of particle
coagulation is described by the equation (Seinfeld and Pandis, 1998)

∂n(D, t)
∂t

=
1
2

∫ D

0
K (D−D′, D′)n(D′)n(D−D′)dD′ − n(D, t)

∫ ∞

0
K (D,D′)n(D′, t)dD′(1)

where n(D, t) denotes the particle number concentration (in units of cm−3 µm−1) as
function of D and time t and K (D,D′) the coagulation coefficient which quantifies the20

efficiency of Brownian particle motion to bring two particles of diameters D and D′ to
collision. K is a function of temperature T and pressure p (Seinfeld and Pandis, 1998).
In Eq. (1), the first integral describes the coagulation of particles smaller than D to
those of diameter D, the second term the coagulation of particles of diameter D with
other particles to form ones larger than D. Equation (1) is integrated numerically for a25

known initial n(D, t) and given T and p.
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The measurements collected in Table 2 are used to initialize such an integration and
to test which circumstances are necessary to produce an aerosol as observed during
LACE 98. The data provided by the SCAR-C and SCAR-B projects are suitable for
this purpose because they provide detailed information on the age of the sampled
forest fire aerosols as compared with the other data in Table 2. Considering the source5

properties of the aerosols sampled during these campaigns, the SCAR-B source of
the sampled regional hazes should be more comparable to the fires that caused the
LACE 98 aerosol layer. The LACE 98 source fires burned more than 106,ha of boreal
forest over a period of 6 days (Forster et al., 2001) while the SCAR-C Quinault fire had a
total size of 19.4 ha which burned within ≈9 h (Hobbs et al., 1996). Also, the fuel for the10

SCAR-C Quinault fire consisted of logging debris while the fuel of the SCAR-B regional
hazes as well as the LACE 98 forest fire aerosol consisted of live trees, although the
tree species were certainly different.

Since the coagulation rate is roughly proportional to the square of the particle con-
centration, knowledge about other processes influencing the particle concentration,15

especially the plume dilution, is necessary. In the far field around a point source, a
plume dilution proportional to t−1 is commonly used where t is the time after emission
(Arya, 1999).

To study different scenarios of the microphysical development of the LACE 98 for-
est fire aerosol, Table 3 summarizes the results of coagulation calculations for a single20

log-normally distributed accumulation mode with various initial values of the modal par-
ticle concentration Nacc(tstart), the modal number mean diameter Dacc(tstart), and the
modal geometric standard deviation σg, acc(tstart) as well as different starting times of
the calculations tstart (time of reaching the regional haze state) and assumptions on
plume dilution. All calculations end 6 days after emission (tend = 6 days), represent-25

ing the forest fire aerosol sampled during LACE 98. The corresponding accumulation
mode parameters are given as Nacc(tend ), Dacc(tend ), and σg, acc(tend ). The plume

dispersion is varied between a dilution proportional to t−1 and no dilution.
The scenarios 1–8 represent the regional haze aerosols measured during SCAR-B
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and utilize the fact that Dacc and σg, acc were rather constant for different locations.

Nacc(tstart) is varied between the measured average value of 5000 cm−3 and the max-
imum value of 10000 cm−3. The starting time of the calculation tstart is varied within
the range of ages given for regional hazes for SCAR-B. As a result, only the scenarios
that assume the high initial particle concentration and no plume dilution are able to5

reproduce the value of Dacc which was observed in the lower sub-layer of the LACE 98
forest fire aerosol. The values of Nacc(tend ) cannot be compared with the values of
Nacc measured during LACE 98 as the plume over Lindenberg was in the stage of final
dissolving and Nacc therefore highly variable in space and time. Dacc instead is less
sensitive to recent dilution and reflects the microphysical history of the aerosol on the10

order of days.
To clarify the differences between the scenarios, Fig. 3 shows a time series of Dacc

according to scenarios 1–4, representing different initial concentrations and dilutions.
The values of Dacc at the end of the calculation are compared with those measured in
the lower and upper sub-layer over Lindenberg. Scenarios 5–8 are omitted for clarity15

as the variation of tstart does not cause significant changes in Dacc(tend ).
The result of little or almost no dilution in parts of the plume of the LACE 98 forest fire

aerosol layer while being transported from its source to Lindenberg is tested further.
Scenarios 9 and 10 in Table 3 consider the effect of a simultaneous presence of parti-
cles in the coarse mode size range. The parameters of the log-normal mode assumed20

for the accumulation mode aerosol are taken from Reid and Hobbs (1998) and were
measured in young forest and biomass fires of a few minutes age. From the modal pa-
rameters at the end of the calculation, compared with scenarios 1 and 2, it is obvious
that the presence of a coarse mode has virtually no effect on the coagulation rate within
the accumulation mode particles. This result is in agreement with the findings of Reid25

et al. (1998) who investigated filters sampled in the SCAR-B plumes with a scanning
electron microscope and found at most 50 accumulation mode or smaller particles on
the surface of the coarse mode particles. Scenarios 11 and 12 investigate the effect of
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a significant particle mode in the Aitken size range which is still present in the regional
haze although gas-to-particle conversion should have ceased by that time. The modal
parameters of the Aitken-mode were measured directly over the SCAR-C Quinault fire
(Gassó and Hegg, 1999), resulting in an upper limit of the effect of the Aitken-mode.
This size distribution is chosen as it is the only one measured close to a fire source5

which shows an Aitken-mode distinct from the accumulation mode. Although the pres-
ence of the Aitken-mode causes a significant shift of Dacc to larger values compared
to scenarios 1 and 2 at the end of the transport period, the value of Dacc observed
in the lower sub-layer of the LACE 98 forest fire aerosol can still be reproduced only
assuming a dilution less then proportional to t−1.10

Changes of the ambient particle concentration due to up- or downlifting of the plume
are not included in the coagulation calculations. The maximum uplifting obtained by
trajectory calculations for the plume ranges from 2 km to 7 km altitude, which corre-
sponds to a decrease of the particle concentration by a factor of ≈0.6. However, if the
particle concentration in the plume decreased due to uplifting, but a high concentration15

had to be maintained to produce high coagulation rates and the observed Dacc value,
the possible range of values of the turbulent dilution is further narrowed to smaller
dilutions.

This finding of inhibited dilution in the plume corresponds with the result that ab-
sorbing and purely scattering particles were externally mixed in the lower LACE 9820

sub-layer with respect to their optical properties. If this layer had experienced an early
dilution and mixing with free tropospheric background aerosol, absorbing forest fire
particles would have coagulated with purely scattering background particles, resulting
in an optically internally mixed aerosol.

It can be concluded that the dilution of this aerosol during transport was inhibited as25

compared to a dilution proportional to t−1. Apart from this result, a considerable uncer-
tainty remains concerning the exact temporal evolution of the aerosols microphysical
properties. These are caused to a large degree by not knowing the exact dilution of
the layer as a function of time. The dilution in turn influences the coagulation rate and
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the efficiency by which the absorbing forest fire aerosol becomes internally mixed with
purely scattering particles.

4. Effect of ageing of forest fire aerosol on its solar radiative forcing

To consider the consequences of uncertainties in the microphysical properties of forest
fire plumes during ageing, the solar radiative forcing of such plumes and thus their5

influence on climate are investigated by calculating the solar aerosol radiative forcing
at the tropopause as a function of plume age.

The model used for this purpose is a spectral, one-dimensional radiative transfer
model based on the matrix-operator method. It uses measured aerosol microphysical
and optical properties as input data (Wendisch et al., 2002). Temperature T -, pressure10

p-, and trace gas vertical profiles are taken from radio sonde observations over Lin-
denberg. Employing this approach to the Lindenberg conditions gives a close agree-
ment between directly measured and calculated upwelling solar flux densities at the
tropopause with a deviation of only about 1 Wm−2 (Wendling et al., 2002). Also, mea-
sured columnar aerosol properties like aerosol optical depth and respective values15

calculated from aerosol properties measured in-situ agreed to within ≤16% (Petzold
et al., 2002).

Scenarios 2 and 3 of Table 3 are assumed as aerosol microphysical input parame-
ters as a function of time for the radiative transfer model. By this choice, different parts
of the LACE 98 forest fire plume are considered as scenario 2 reproduces the value of20

D measured in the lower sub-layer while scenario 3 reproduces D as measured in the
upper sub-layer. Since the absorbing forest fire particles are emitted externally mixed
with purely scattering background particles, but ultimately become internally mixed,
scenarios 2 and 3 are both treated as ideal internal as well as external mixtures to
obtain bounding values for the corresponding solar radiative forcing. Similar to the ap-25

proach in Fiebig et al. (2002), the spectral refractive index of the absorbing component
is represented by soot while the purely scattering component is represented by ammo-
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nium sulfate. Due to the dry state of the plume, it is not necessary to consider water
as component. The soot volume fraction is taken to be 40% as observed over Linden-
berg (Fiebig et al., 2002) throughout the calculations. The surface is assumed to have
the spectral albedo of ocean, the solar zenith angle is fixed at 62.8◦ representing an
average daytime value for this latitude and time of year.5

Figure 4 shows the calculated local, instantaneous, solar aerosol radiative forcing at
the tropopause as a function of plume age. Looking at the result for scenario 2 which
excludes dilution, the solar radiative forcing of the forest fire layer changes by 20–40%
during transport due to coagulation. The shift from external to internal mixture causes
a change of the solar radiative forcing of a factor 6.6–9.7 for scenario 2 and a factor of10

3.3–5.4 for scenario 3. Both processes are essentially influenced by the dilution rate of
the plume. Consequently, if the dilution properties of a given forest fire plume are not
properly calculated, the resulting radiative forcing will be seriously in error.

5. Discussion

In finding a qualitative explanation for the properties observed in the LACE 98 forest fire15

plume, especially with respect to the inhibited dilution in the lower sub-layer, several
processes can be suggested.

Forster et al. (2001) used the Lagrangian particle dispersion model FLEXPART to
calculate the spread of an aerosol tracer in this plume. These authors were able to re-
produce its structure as observed by lidar over Lindenberg, while the plume trajectories20

indicated a strong ascent in parts of the plume. This would indicate simply favourable
meteorological conditions that inhibited dilution in parts of the plume. On the other
hand, it is possible that dilution was inhibited by a stabilized lapse rate caused by solar
absorption within the plume. This effect would already be included in the calculation
by Forster et al. (2001) as it was driven by model level data of the European Center25

for Medium-Range Weather Forecast (ECMWF) which contain observations and thus
a possible effect of the forest fire plume.

1287

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/3/1273/acpd-3-1273_p.pdf
http://www.atmos-chem-phys.org/acpd/3/1273/comments.php
http://www.copernicus.org/EGU/EGU.html


ACPD
3, 1273–1302, 2003

Radiative forcing of
forest fire aerosol

M. Fiebig et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

c© EGU 2003

By analyzing data of the Polar Ozone and Aerosol Measurement III (POAM III) and
Stratospheric Aerosol and Gas Experiment II (SAGE II) satellite instruments, Fromm
et al. (2000) show that parts of the plumes of forest fires in Canada penetrated the
tropopause and ascended within the stratosphere to altitudes >15 km during two inci-
dents in July and August 1998. While the July incident could partly be explained by5

intense deep convection in the vicinity of the fire, no such explanation is given for the
August incident which corresponds to the plume observed during LACE 98. The fact
that parts of the plume ascended to altitudes >15 km despite the surrounding stable
stratospheric lapse rate again suggests a heating of the plume by absorption of solar
radiation.10

To find this potential effect, the difference of the measured temperature distribution,
given by the European Centre of Medium Range Weather Forecast (ECMWF) analysis
of observations, and the forecast for the same point in time of initialised 24 hours
before, also by the ECMWF, was investigated. The temperature difference between
the analysis, including observations and thus indirectly the aerosol layer’s effect, and15

the forecast, not including the layer’s effect, should reveal a signature of the disturbance
in the radiation field due to the forest fire aerosol. At 250 and 400 hPa, where the forest
fire aerosol should heat the atmosphere by absorption of solar radiation, a heating of
up to 6 K is found in the analysis as compared to the forecast for different parts of
the plume. At 850 hPa, where the atmosphere should be cooled by absorption and20

scattering of solar radiation by the plume’s aerosol aloft, a cooling of up to −3 K is
found at the location of the plume. However, due to a weak correlation between the
plume’s location and the heating and cooling patterns, a firm connection could not be
established.

A possible explanation for the observed behaviour of this plume is found by com-25

parison with the plume of the Kuwait oil fires of 1991. Herring and Hobbs (1994)
use airborne measurements of the microphysical and optical particle properties inside
the plume to calculate an instantaneous net heating rate of up to 3.9 K/h at 1 h and
2.3 K/h at 3 h plume age for a solar zenith angle of 6◦. The observed lapse rate was
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stable at the bottom of the plume and almost neutral at the top while the whole plume
ascended with a rate of ≈0.1 m/s. Both features could be explained employing a the-
ory on radiative-convective mixed layers by Lilly (1988). According to this theory, the
absorbing layer first becomes internally mixed while being heated, resulting in temper-
ature inversions at bottom and top of the layer. With further heating, the inversion at the5

bottom becomes stronger and the inversion at the top decreases in strength while the
magnitude of the layer increases. When the upper inversion has vanished, surrounding
air entrains from above, leaving the lower part of the plume largely undiluted while the
upper part is diluted. Also, the plume ascends as a whole with a rate proportional to its
magnitude and inversely proportional to its horizontal width.10

This theory, applied to the LACE 98 forest fire plume, would explain certain observed
features. The strong temperature inversion at the plume bottom would cause the in-
hibited dilution and the external mixture of absorbing and purely scattering particles
observed in the plume. Also, with strong dilution at the plume top and little to no dilu-
tion at the bottom of the layer, the coagulation rate would be higher at the bottom of15

the plume than at the top, resulting in higher values of Dacc at the plume bottom than
at the top, just as observed in the plume over Lindenberg (see Table 1). Finally, the
plume lofting predicted by the theory could explain why parts of the plume crossed the
tropopause and ascended into the stratosphere.

To obtain an estimate of the applicability of the theory used by Herring and Hobbs20

(1994), the radiative transfer model of Wendisch et al. (2002) was employed to calculate
the net instantaneous heating rate within the LACE 98 plume assuming scenario 2, a
plume age of 3 days, an external mixture of absorbing and non-absorbing components
and the same soot volume fraction as inferred over Lindenberg. The obtained value
of 0.95 K/h at 62.8◦ solar zenith angle transfers to 2.1 K/h at 6◦ solar zenith angle25

and is therefore comparable to the heating rates obtained in the Kuwait oil fire plume.
Due to the uncertainties in the temporal evolution of the microphysical properties in the
LACE 98 forest fire plume, this heating rate has to be treated with caution. On the other
hand, considering all information available on this plume, it appears possible that the
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plume developed into a radiative-convective mixed layer, feeding back onto its dilution,
its microphysical properties and its radiative forcing.

6. Conclusions

The presented case study investigates a layer of absorbing aerosol observed over
Lindenberg during the LACE 98 experiment. Previous studies revealed that forest fires5

in Northern Canada burning six days before the observation were the source of this
layer. Furthermore, absorbing and non-absorbing components were externally mixed
with respect to optical properties in the lower part of the plume over Lindenberg while
other parts of the plume ascended into the stratosphere.

By using microphysical properties of forest fire aerosol close to the source from10

literature and considering the aerosol’s ageing process by coagulation, the present
study shows that dilution in the lower part of the plume over Lindenberg was inhibited as
compared to a dilution proportional to t−1. All the above observations can be explained
by treating the plume as a radiative-convective mixed layer similar to the 1991 Kuwait
oil fire plumes.15

Based on the knowledge available about forest fire plumes, a considerable uncer-
tainty in the temporal development of the plumes microphysical properties remains,
mainly caused by the uncertainty of the dilution as a function of time. The dilution
again determines the coagulation rate in the plume and the efficiency with which the
external mixture of absorbing forest fire and non-absorbing background particles be-20

comes internally mixed. The uncertainty in the coagulation rate causes an uncertainty
in the plume’s radiative forcing of 20–40%, the uncertainty in the state of mixture of a
factor of 5–6. Global circulation models should consider this effect when predicting the
radiative forcing of forest fire aerosol.

The recent report by the Intergovernmental Panel on Climate Change (IPCC, 2001)25

states that biomass burning, with a significant contribution of forest fires, are one of
the important but rather uncertain climate forcing agents. Despite considerable efforts
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in the past and resulting certainty about the properties of forest fire aerosol, the un-
certainty with which the radiative forcing of this aerosol can be predicted remains high.
In order to improve the understanding of the relevant processes, quasi-Lagrangian in
situ measurements of the microphysical and optical particle properties as well as of
the condensable and precursor gases should be conducted within forest fire plumes5

following the plume over several days. These in situ measurements need to be sup-
ported by predictive models and satellite data to follow the plume and guide the in-situ
measurements. Also, transport-coupled aerosol models are necessary to interpret the
measurements. Such experiments could help to reduce the uncertainty in prediction of
the radiative forcing by forest fire aerosol.10
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Table 1. Integral number concentration N, number median particle diameter D, and geometric
standard deviation σg of logarithmic normal distributions fitted to distributions of Fig. 1

distribution/mode N[cm−3] D[µm] σg

lower sub-layer
Aitken 410 ± 60 0.057 ± 0.01 2.0 ± 0.3
accumulation 250 ± 100 0.34 ± 0.03 1.35 ± 0.1
coarse 0.7 ± 1.0 0.9 ± 0.7 1.9 ± 0.5
upper sub-layer
Aitken 400 ± 50 0.050 ± 0.01 2.0 ± 0.3
accumulation 220 ± 60 0.23 ± 0.02 1.45 ± 0.1
coarse 1.0 ± 1.0 1.0 ± 0.3 1.7 ± 0.3
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Table 2. Compilation of parameters of log-normal distributions fitted to accumulation mode
particle size distributions measured in aerosols originating from forest or vegetation fires

4
F

ie
bi

g
et

al
.:

R
ad

ia
tiv

e
Fo

rc
in

g
of

Fo
re

st
F

ire
A

er
os

ol

Table 2. Compilationof Parametersof Log-Normal Distributions Fitted to AccumulationMode Particle Size Distributions Measuredin AerosolsOriginating from Forestor
VegetationFires.

experiment location fuel-type reference plumeage Dacc[µm] Nacc
 ave[cm � 3] Nacc
 max[cm � 3] σg 
 acc

TRACE-A Brazil grass/shrub Andersonetal. (1996) ”sourceregion” 0.20- 0.26 2220 18000 1.53
TRACE-A SouthernAfrica grass/shrub Andersonetal. (1996) ”sourceregion” 0.19- 0.28 2140 19500 1.64
TRACE-A Brazil grass/shrub Andersonetal. (1996) ”continental 0.23 1000 2000 1.45

outflow”
TRACE-A SouthernAfrica grass/shrub Andersonetal. (1996) ”continental 0.24 1000 2000 1.5

outflow”
TRACE-A Mid-SouthAtlantic grass/shrub Andersonetal. (1996) � 5d 0.17,0.23 200 1000 1.3
SAFARI-92 SouthernAfrica grass/shrub,mid- Le Canutetal. (1996) ”sourceregion”, 0.18 2000 2500 ?

burningseason ”younger”
SAFARI-92 SouthernAfrica grass/shrub,mid- Le Canutetal. (1996) ”sourceregion”, 0.21 2000 2500 ?

burningseason ”older”
SAFARI-92 SouthernAfrica grass/shrub,late- Le Canutetal. (1996) ”sourceregion”, 0.15 1000 2000 ?

burningseason ”younger”
SAFARI-92 SouthernAfrica grass/shrub,late- Le Canutetal. (1996) ”sourceregion”, 0.17 1000 2000 ?

burningseason ”older”
SCAR-C NorthAmerica1 loggingleftovers Gasśo andHegg (1999)  5min 0.12 400000 ? 1.7
SCAR-C NorthAmerica1 loggingleftovers Gasśo andHegg (1999) 1.8h 0.24 25600 ? 1.4
SCAR-B Brazil cerrado ReidandHobbs(1998) ”few minutes” 0.10 � 150000 ? 1.91
SCAR-B Brazil grass ReidandHobbs(1998) ”few minutes” 0.10 � 150000 ? 1.79
SCAR-B Brazil smolderingforest ReidandHobbs(1998) ”few minutes” 0.10 � 150000 ? 1.77
SCAR-B Brazil flamingforest ReidandHobbs(1998) ”few minutes” 0.13 � 150000 ? 1.68
SCAR-B Brazil forest,slash2 Reidetal. (1998) � 1d 0.12(max.:0.17)4 100000 600000 1.74- 1.85
SCAR-B Brazil rain forest3 Reidetal. (1998) 2-3d 0.19(max.:0.25)4 5000 10000 1.63- 1.68
STAAARTE Greece5 borealforest Formentietal. (2002a) � 6d 0.20 1800 2200 1.43

1 Theprescribedfire referredto hereis termedQuinaultfire in theSCAR-Cliterature.
2 Thevaluesarecomposedof datameasuredat Marab́aandCuiab́a (plumeof localorigin).
3 Thevaluesarecomposedof datameasuredat Cuiab́a (transportedplume)andPortoVelho.
4 Averageandencounteredmaximumvaluesarestatedseparately.
5 Locationof measurement,origin of plumein NorthernCanada,but possibleinfluenceby localbiomass-burningor continentalanthropogenicsources(Formentietal., 2002b).
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Table 3. Change of accumulation mode parameters of forest fire aerosol due to ageing by
coagulation for various assumptions on initial conditions and dilution during transport

Scenario tstart Nacc(tstart) Dacc(tstart) σg, acc(tstart) dilution Nacc(tend ) Dacc(tend ) σg, acc(tend )
[days] [cm−3] [µm] [cm−3] [µm]

1 1 10000 0.19 1.6 yes 751 0.27 1.51
2 1 10000 0.19 1.6 no 2510 0.34 1.47
3 1 5000 0.19 1.6 yes 504 0.24 1.54
4 1 5000 0.19 1.6 no 1900 0.29 1.49
5 2 10000 0.19 1.6 yes 1349 0.28 1.50
6 2 10000 0.19 1.6 no 2878 0.33 1.47
7 2 5000 0.19 1.6 yes 931 0.25 1.53
8 2 5000 0.19 1.6 no 2128 0.28 1.50
91 1 10000 0.19 1.6 yes 751 0.27 1.51

101 1 10000 0.19 1.6 no 2510 0.34 1.47
112 1 10000 0.19 1.6 yes 1240 0.27 1.48
122 1 10000 0.19 1.6 no 3310 0.38 1.44

1The additional coarse mode assumed for these calculations has the log-normal parameters
Nacc(tstart)=0.4 cm−3, Dacc(tstart)=1.4µm, and σg, acc(tstart)=1.6. Except for dilution in
scenario 9, the coarse mode parameters do not change significantly throughout the calculation.

2The additional Aitken-mode assumed for these calculations has the log-normal param-
eters Nacc(tstart)= 9·106 cm−3, Dacc(tstart)=0.018µm, and σg, acc(tstart)=1.5. At tend , the
Aitken-mode particles essentially vanished, leaving the accumulation mode slightly more
asymmetric as compared with the scenarios 1 and 2.
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Fig. 1. Particle number size distributions within the upper sub-layer (red data points) and lower
sub-layer (black data points) of the aerosol from biomass-burning over Lindenberg, Germany
on 9 August 1998. Closed symbols indicate PCASP, open symbols FSSP-300 data points.
Both distributions contain more than 1000 s of data. The three modal logarithmic normal dis-
tributions fitted to the size distributions of the lower and upper sub-layers appear solid and
dashed, respectively.
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Fig. 2. Comparison of spectral lidar backscatter coefficient for lower sub-layer during the night
from 9 to 10 August 1998, calculated from in-situ measurements of the particle microphysical
properties and measured by the IfT multi-wavelength lidar (quoted from Fiebig et al., 2002,
reproduced by permission of the American Geophysical Union).
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Fig. 3. Temporal development of accumulation mode median diameter for an aerosol from
biomass-burning due to coagulation for different assumptions on initial concentration and dis-
persion during ageing.
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Fig. 4. Time series of the local instantaneous solar aerosol radiative forcing at the tropopause
of an aerosol from biomass-burning at a constant altitude of 3.8–4.3 km. N, Dmed , and σg of the
aerosol’s accumulation mode evolve temporally due to coagulation of the particles according
to scenarios 2 (bold lines) and 3 (thin lines). The calculations for external and internal mixtures
of the absorbing and purely scattering aerosol components are indicated by dashed and solid
lines, respectively. All calculations have the same constant soot content found for the lower
sub-layer over Lindenberg.
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